A novel marine sulfur-oxidizing bacterium, designated strain eps51 T , was isolated from a surface rock sample collected from the hydrothermal field of Suiyo Seamount on the Izu-Bonin Arc in the Western Pacific Ocean. This bacterium was Gram-staining-negative, non-motile and rod-shaped. Strain eps51 T grew chemolithoautotrophically, by sulfur-oxidizing respiration with elemental sulfur and thiosulfate as electron donors and used only carbon dioxide as a carbon source.
Hydrothermal vents have been discovered worldwide and unique ecosystems are observed with chemolithoautotrophs as primary producers. Sulfide from hydrothermal vents is one of the most abundant substrates as energy sources and is available to various sulfur-oxidizing microorganisms. After reports of high diversity in hydrothermal fields [1, 2] , some mesophilic sulfur-oxidizing espsilonproteobacteria have been described, including members of the genus Sulfurovum. The first described species, Sulfurovum lithotrophicum, was isolated from the gas-bubbling sediment in the Okinawa Trough [3] . Two further species have so far been described: Sulfurovum aggregans [4] and Sulfurovum riftiae [5] . These species commonly inhabit hydrothermal fields and grow chemolithoautotrophically by using energy sources supplied from the fields. However, there are considerable differences in the utilization of electron acceptors and donors between species. In addition, bacteria closely related to the members of the genus Sulfurovum are often observed as endo-and/or epi-symbionts of various vent animals in hydrothermal fields [6] [7] [8] . As primary producers using energy sources supplied from hydrothermal fields, the members of the genus Sulfurovum and relatives may expand the diversity there. Here we report a novel species of the genus Sulfurovum isolated from a submarine caldera of Suiyo Seamount in the Pacific Ocean. The results of phenotypic and phylogenetic analyses indicate that the isolate represents a novel species of the genus Sulfurovum.
To enrich sulfur-oxidizing bacteria, a rock sample was collected in July 2002, using a benthic multi-coring system (Metal Mining Agency of Japan) from the hydrothermal field at a depth of 1390 m on the caldera of Suiyo Seamount in the Izu-Bonin Arc, Western Pacific Ocean [9] . Details of sample collection, enrichment and isolation procedures have been described previously [10] . AP8SO1 medium for enrichment and isolation includes 5 mM thiosulfate under an atmosphere of N 2 /CO 2 /O 2 (75 : 20 : 5, by volume; 150 kPa). After a 1 week incubation of the rock sample in AP8SO1 medium at 30 C, microbial growth was observed. Because growth of the enriched bacteria could not be achieved successfully on solid AP8SO1 medium, bacteria were isolated by serial dilution. After repeating the maximum dilution series several times, a sulfur-oxidizing bacterium, designated strain eps51
T , was obtained. The purity of the isolate was verified by microscopic observation, cultivation on heterotrophic media and determination of the 16S rRNA gene sequence [11] . In order to characterize the strain phenotypically, the isolate was routinely grown on AP8SO1 media with the concentrations altered to 20 mM thiosulfate and 20 mM nitrate under an atmosphere of N 2 /CO 2 (80 : 20, by volume; 150 kPa), except where indicated otherwise.
Cells of eps51
T were short-rods (0.6--1.4 µm in length and 0.4 µm in width), and motility was not observed via microscopy. Flagella were not observed on negatively stained cells (data not shown) [10] . Observation of ultra-thin sections of cells using a transmission electron microscope [11] revealed that they possessed a Gram-stain-negative cell wall and contained neither storage compounds nor extensive internal membranes (Fig. 1) . By the conventional Gram staining method, the cells were shown to be Gram-stain-negative. Catalase [12] and oxidase (cytochrome oxidase paper; Nissui Pharmaceutical) activities were negative and positive, respectively.
Utilization of electron donors and acceptors was comprehensively determined by measuring the OD 660 (spectrophotometer U-2800; Hitachi), thiosulfate and nitrate concentrations by using HPLC [11] (5) could not be used as electron acceptors. In the culture on nitrate, neither nitrite nor ammonia was detected by using a colorimetric assay [13] and a LabAssay Ammonia kit (Wako Pure Chemical Industries), respectively, and the formation of bubbles was observed in an inverted Durham tube. These results were indicated that eps51
T reduced nitrate to nitrogen gas. Under an atmosphere of H 2 /CO 2 (80 : 20, by volume; 150 kPa), eps51 T could not use thiosulfate, elemental sulfur, and nitrate as electron acceptors, unlike S. aggregans [4] . These results indicate that eps51
T is an obligate chemolithoautotroph that grows by sulfur oxidation and carbon dioxide fixation.
The optimum temperature, initial pH and NaCl concentration ranges for growth were determined by examining a time-course of optical density with a temperature gradient incubator (model TN-2612; ADOVANTEC). The pH of the medium was adjusted by the addition of 10 % (w/v) Na 2 CO 3 or 0.2 M HCl. Strain eps51
T could grow at 10--35 C, with an optimum temperature of 30 C. The initial pH range for growth was pH 6.5--7.5, with an optimum of pH 7.0. The strain grew with 2--5 % (w/v) NaCl, with an optimum concentration of 3 % NaCl. The specific growth rate under the optimum growth conditions (30 C, initial pH 7.0 and 3 % NaCl concentration) was 0.12 h À1 .
Fig. 1. Ultrathin section of strain eps51
T observed with a transmission electron microscope (model H-7600; Hitachi). Bar, 0.5 µm. Cellular fatty acids were methylated using a 5 % HCl/methanol solution [14] and then analyzed by the MIDI microbial identification system and GC-MS (gas chromatograph model GC-2010; gas chromatograph mass spectrometer model GCMS-QP2010Plus; Shimadzu !7c (17.4 %), and C 16 : 0 (13.2 %). The strain also contained C 14 : 0 (5.6 %), and C 16 : 1 !5c (2.5 %) as minor fatty acids. The major cellular fatty acid component pattern of S. riftiae was similar to that previously reported [5] but those of S. lithotrophicum and S. aggregans were different from descriptions in previous reports [3, 4] . In our analysis, the major cellular fatty acids of the genus Sulfurovum were C 16 : 1 !7c, C 18 : 1 !7c, and C 16 : 0 .
An isoprenoid quinone was extracted from the cells [15] and analyzed with an LCMS-QP 800a spectrometer (Shimadzu), revealing that eps51 T contained menaquinone-6. The genomic DNA G+C content [11] of eps51 T was 40.0 mol%.
The polar lipids of eps51
T and S. lithotrophicum JCM 12117
T were extracted and examined by two-dimensional TLC using a previously described method [16] . The polar lipids of the two strains consisted of phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylgycerol an unidentified phospholipid and an unidentified glycolipid (Fig. S1 , available in the online version of this article). Like S. lithotrophicum and S. aggregans, eps51
T mainly possessed phosphatidylethanolamine and phosphatidylglycerol.
The nearly complete sequence of the 16S rRNA gene of eps51 T was determined following methods described previously [17] . Sequences were aligned using the ARB program [18] , and a phylogenetic tree was reconstructed by the neighbor-joining method using the CLUSTAL_X program [19, 20] . This phylogenetic analysis revealed that eps51 T represented a member of the genus Sulfurovum belonging to the family Helicobacteraceae in the order Campylobacterales of the class Epsilonproteobacteria (Fig. 2) . The sequence similarities between eps51
T and the type strains of species of the genus Sulfurovum with validly published names were as follows: S. lithotrophicum, 96.1 %; S. aggregans, 96.7 % and S. riftiae, 96.3 %.
Characteristics of eps51
T and species of the genus Sulfurovum with validly published names are summarized in Table 2 . Phylogenetic analysis based on the 16S rRNA gene sequences revealed that eps51
T represents a member of the genus Sulfurovum and the most closely related species was S. aggregans. The levels of similarity between the strain and the species of the genus Sulfurovum were less than 97 %. Phenotypically, the characteristics of eps51
T were similar to those of species of the genus Sulfurovum, including morphology and optimal growth conditions. Conversely, eps51 T could grow using the same combination of electron donors and acceptors as S. lithotrophicum, but used a different combination from S. aggregans or S. riftiae. The major fatty acid component pattern of eps51
T was similar to those of S. lithotrophicum and S. riftiae but unlike that of S. aggregans. The genomic DNA G+C content of eps51 T clearly differed from those of S. lithotrophicum and S. riftiae. On the basis of these phylogenetic and physiological findings, we propose a novel species to accommodate strain eps51 T , with the name Sulfurovum denitrificans sp. nov.
While the species of the genus Sulfurovum have similar phenotypic characteristics, there is a clear difference in their respective energy metabolisms. In addition to the type strains and the isolate described here, Sulfurovum sp. NBC37-1 has been reported to have been isolated from a sulfide mound in the Iheya North field and found to be more versatile. This strain can use H 2 and sulfur compounds as electron donors, and use O 2 , NO 3 À and S 0 as electron acceptors [21, 22] . Although the species of the genus Sulfurovum have only been previously isolated from hydrothermal fields, by culture-independent approaches, many 16S rRNA gene sequences related to the species of the genus Sulfurovum have been recovered from marine sulfurcompound-rich environments [23, 24] . These findings indicate that the species of the genus Sulfurovum contribute to the sulfur cycle, adapting their lifestyles with the use of sulfur metabolism depending on environments such as oxygen conditions and energy sources. 
Sulfurovum denitrificans eps51 T (LC322101)
Nitratifractor salsuginis E9I37-1 T (AB175500)
Sulfurimonas autotrophica OK10 T (AB088431) C. The initial pH range for growth is 6.5--7.5 with optimum at pH 7.0. The NaCl concentration for growth ranges from 2 to 5 % and the optimum concentration is 3 %. Menaquinone-6 is a major respiratory quinone. Major cellular fatty acids are C 16 : 1 !7c, C 18 : 1 !7c and C 16 : 0 . C 14 : 0 and C 16 : 1 !5c are also present as minor components.
The type strain, eps51
T (=NBRC 102602 T =DSM 19611 T ), was isolated from a rock sample collected from the hydrothermal field on Suiyo Seamount, Izu-Bornin Arc, Western Pacific Ocean. The genomic DNA G+C content of the type strain is 40.0 mol% (determined by HPLC). 
